The accuracy of scattered Rayleigh waves estimated using an interferometric method is investigated. Summing the cross correlations of the wave fields measured all around the scatterers yields the Green's function between two excitation points. This accounts for the direct wave and the scattered field (coda). The correlations themselves provide insights into the location of the scatterers as well as which scatterer is responsible for particular parts of the coda.
Introduction
Numerical and laboratory experiments have shown how cross correlations of field fluctuations recorded at two points in open and closed systems provide an estimate of the anti-causal and causal Green's functions between these points (Lobkis and Weaver, 2001; Roux and Fink, 2003; Malcolm et al., 2004; Derode et al., 2003; van Wijk, 2006) . We describe here how the coda can be exploited in this correlation technique to locate individual scatterers, and we investigate the accuracy of the recovered coda using an approximate acoustic method rather than the complete elsatodynamic Green's function retrieval method (Wapenaar, 2004) .
We estimate the ultrasonic Rayleigh-wave Green's function for surface waves propagating in an aluminum block with 15 point scatterers at the surface. In the far field, the acoustic Green's function G for a medium with constant velocity c and density ρ can be approximated by summing cross correlations of the measured pressure field u (equation 32 of Wapenaar and Fokkema (2006) ):
where
is the vertical component of the Rayleigh-wave Green's function at x A from a source at x B . S(ω) is the power spectrum of the sources on the closed contour ∂ D. Strictly speaking, expression (1) is only valid for acoustic media; however, Halliday and Curtis (2008) show that G is equivalent to the G zz component of the elastic surface wave Green's tensor when c is the Rayleigh-wave speed and u the vertical component of the displacement. We refer to expression (1) as the acoustic approximation for Green's function retrieval. Transforming expression (1) to the time domain states that the sum of the cross correlations of the wave fields from sources on the boundary ∂ D is proportional to the causal and anti-causal Green's function that describes wave propagation between x A and x B .
Laboratory Ultrasonic Data
One side of an aluminum block (280 mm × 230 mm × 215 mm) contains cylindrical holes 1 mm in diameter and 3 cm deep ( Fig. 1(a) ). A high-powered pulsed Nd:YAG laser generates ultrasonic waves by briefly heating a 1 mm wide circular spot on the surface. The heating causes thermoelastic expansion and generates broadband ultrasonic waves having a central frequency of 600 kHz. The Rayleigh-wave velocity in the aluminum is c = 2.9 mm/µs, corresponding to a dominant wavelength of ∼ 5 mm. We measure the vertical component of the displacement as a function of time at a point on the surface of the cube with a laser interferometer, based on a constant-wave 250 mW doubled Nd:YAG laser at 532 nm.
With the source laser at x A (star), we record the wave field at each receiver position 128 times by repeating the source excitation and average the recordings to increase the signal-to-noise ratio. There are 412 receivers in total, spaced ∼1 mm apart surrounding the source and scatterers. The displacement wave fields are presented in Fig. 1 (b), after we apply a cosine taper to the first 5 µs to suppress electronic noise from the recording system and a band-pass filter between 100-2000 kHz. We mute reflections from the edge of the block, when these arrive before t = 60µs. The wave fields are displayed as a function of receiver azimuth (0 ≤ θ < 360 • ), defined with respect to the center of the receiver array, with positive θ in the clockwise direction and θ =0 in the upper left corner of the square. The arrival with the largest amplitude is the direct Rayleigh wave, followed by scattered Rayleigh waves with the opposite polarity caused by scattering at the air-filled holes. The sharp variations in the coherent arrivals are due to the rectangular nature of the underlying acquisition geometry.
Auto correlation
According to expression (1), the Green's function between two sources can be estimated from receivers on ∂ D based on reciprocity of the wave equation (van Manen et al., 2005; Curtis et al., 2009 ). Here we estimate the vertical component of the full displacement wave field -both direct and scattered waves -between two sources, because with our acquisition setup it is easier to record with many receivers than to use many sources. The auto correlation of the wave field for each receiver as excited by the source at x A is shown in Fig. 2(a) , which henceforth we call a correlation gather. The sum of these auto correlations is shown in Fig. 2(b) . As we have not taken the time derivative as defined in expression (1), it represents a phase-shifted causal and anticausal response for a coinciding source and receiver at x A . In the auto-correlation gather, the "direct" wave is instantaneous (arriving at t = 0), while scattered waves vary smoothly in time as a function of receiver position, θ . The extrema of these curves define the stationary-phase points, where scatterer, source and receiver are in-line. The time of a given stationary-phase point in the auto-correlation gather (and knowledge of the velocity) defines the distance between the source and scatterer, r. Figure 2(c) illustrates that the stationary receiver at θ = 34 • , and the arrival time t ≈ −26 µs, correspond to a scatterer at a distance r = 37.5 mm from x A , which agrees with scatterer 1. Because the auto correlation is symmetric in time, there is a similar stationary-phase point at t ≈ +26 µs. Another stationary-phase point exists at θ = 34 • with an earlier arrival time of t ≈ 10 µs, corresponding to scatterer 4. This means the scatterer is in the same direction as scatterer 1, but closer to x A .
Cross correlation
To determine the accuracy of the coda retrieval, and because it is not trivial to measure the impulse response directly for a coinciding source and receiver position, we repeat the same acquisition described above for a source at x B ( Fig. 1(a) ). In this case, between θ = 60 • and 180 • the side reflection from the block edge interferes with waves scattered from some of the cylindrical holes. Muting the side reflection also removes some of the scattered Rayleigh waves. We cross correlate the processed wave fields recorded at each receiver from the two sources (Fig. 3(a) ) and sum ( Fig. 3(b) ). Following expression (1), each trace in the sum is weighted by the difference in angle between the receiver and proceeding receiver. 
(c) Normalized wave fields for the directly measured Green's function (solid) and the result from cross correlation (dashed). Inset: The tapered wavelet used in the deconvolution (solid) and the taper (dashed).
In order to estimate the wave field that propagates between x A and x B , we time-reverse the anticausal weighted sum and stack with the causal weighted sum to improve the signal-to-noise ratio. As prescribed by expression (1), we then take a time derivative. Because the correlation contains a contribution S from the source wavelet, we deconvolve a tapered version of the direct Rayleigh-wave arrival from our result using a water-level deconvolution (Snieder andŞafak, 2006) . The tapered wavelet used in the deconvolution is shown in the inset of Fig. 3(c) .
We compare our estimate of the wave field propagating between a source x A and a virtual receiver x B to a direct measurement for a source at x A and a real receiver at x B (Fig. 3(c) ). The amplitudes of the two wave fields are normalized with the maximum of the direct Rayleigh wave. The direct surface wave is extracted with great accuracy. The amplitude of the coda -relative to the direct wave -is accurately estimated, and some arrivals in the coda are well reproduced, while others are not. Differences between the direct estimate of the impulse response and the result based on expression 1 are caused by violations of the assumptions that went into the approximate equation 1. An exact formulation for the extraction of the full elastodynamic Green's function has been developed (Wapenaar, 2004) . This formulation requires, however, multicomponent point forces and double couples that excite the field fluctuations, and is difficult to implement in laboratory and field experiments. Specifically in this experiment, we 1) suppress some scattered waves when muting the side reflection, 2) violate the far-field assumption, 3) apply an approximate deconvolution, and 4) measure the wave field at a finite number of locations on ∂ D rather than everywhere. Halliday and Curtis (2008) justified the use of this acoustic formulation based on its accuracy for extracting the direct surface wave, not necessarily on scattered arrivals. One aspect of recovery of the coda in this technique is that we are able to identify which scatterer is responsible for a certain time-section of the coda.
Conclusions
We present laboratory measurements of scattered ultrasonic Rayleigh waves that propagate in an aluminum block with cylindrical holes that act as scatterers. An estimate of the wave field between two source locations can be obtained by summing the cross correlated wave fields measured at receiver locations enclosing the sources and scatterers. The correlation gather computed from the recorded wave fields shows distinct arrivals related to individual scatterers, and we show that the stationary-phase points of these arrivals can be used to constrain the location of scatterers.
The accuracy of our Green's function estimate can be compared by directly measuring the response at the location of one of the two sources. The direct wave is reconstructed quite accurately, but the reconstruction of the coda is less accurate. The acoustic formulation for Green's function retrieval we use is justified on arguments that apply to the direct wave only, and we attribute the reduced ability to extract the coda to the inaccuracy of using the acoustic formulation for scattered elastic surface waves.
